2 HIGHLIGHTS  Aspects of hedonic wellbeing (positive affect and life satisfaction) are longitudinally associated with lower WBC count  Aspects of eudemonic wellbeing (self-realisation and control-autonomy) are longitudinally associated with lower WBC count, fibrinogen and CRP  Associations are independent of depression and other aspects of mental ill-health  Time-constant factors e.g. gender, medical history, previous patterns of social behaviours, social class and genetics cannot explain the association  Associations are partly explained by time-varying health-related factors such as chronic illness, BMI and sedentary behaviours ABSTRACT Objectives There is a large literature linking inflammation with mental ill health, but a much smaller literature focusing on mental wellbeing. Specifically, it remains unclear whether mental wellbeing is longitudinally independently associated with inflammation or only via associated changes in mental ill health. Methods This study used data from 8,780 adults aged 50+ in the English Longitudinal Study of Ageing. Hedonic wellbeing (both positive affect and life satisfaction) and eudemonic wellbeing (self-realisation and control-autonomy) were measured at data collection waves 2 (2004/05), 4 (2008/09) and 6 (20012/13), along with measures of C-reactive protein (CRP), fibrinogen and white blood cells (WBC). Fixed effects modelling was performed to identify the longitudinal relationship between wellbeing and inflammation, adjusting for time-varying mental ill health and other identified confounders.
INTRODUCTION
A key hypothesis of in wellbeing research is that psychological wellbeing is accompanied by optimal functioning of multiple physiological systems (Ryff and Singer, 1998) . Over the past decade, a number of studies have focused specifically on neuro-immune responses to wellbeing, with a growing interest in inflammation. There is a large literature showing that positive affect is associated with lower levels of inflammation, including levels of Creactive protein (CRP) and interleukin 6 (IL-6), (Brouwers et al., 2013; Ironson et al., 2018; Ong et al., 2018; Stellar et al., 2015; Steptoe et al., 2008) . Additionally, a small number of studies have expanded considerations to other aspects of wellbeing, finding similar patterns for life satisfaction in relation to CRP, IL-6 and fibrinogen (Hamer and Chida, 2011; Steptoe et al., 2012; Uchino et al., 2018) , and aspects of eudemonic wellbeing such as purpose in relation to CRP, fibrinogen, WBC and soluble IL-6 receptor (sIL-6r) Steptoe et al., 2012; Steptoe and Fancourt, 2019) . However, a number of questions remain.
First, most of this research has come from cross-sectional studies, the majority of which have involved relatively small samples (<500 participants). Only a very small number of studies have explored changes in wellbeing and inflammation over time. These have shown some similar patterns, such as an association between higher levels of overall subjective wellbeing and lower levels of CRP 2 years later in older adults (Okely et al., 2017) , higher levels of positive affect and lower CRP over a 12 month period amongst a small cohort of breast cancer survivors (Moreno et al., 2016) , and lower levels of positive affect during a brief period of induced stress and increased IL-1β reactivity in small laboratory study (Aschbacher et al., 2012) . But whether patterns of change in wellbeing and inflammation are related over longer periods and in larger samples remains unexplored.
Second, there is already a large literature on inflammation and mental illness, in particular depression. This relationship appears to be bidirectional: patients with inflammatory diseases have higher rates of major depressive disorder, around a third of individuals with major depression show elevated peripheral inflammatory biomarkers, and patients treated with inflammatory cytokines are at increased risk of developing depression (Amodeo et al., 2017; Dahl et al., 2014; Dowlati et al., 2010; Raison and Miller, 2013) .
Mental illness and mental wellbeing are well established as two distinct but related constructs (Keyes, 2005) , but whether they have distinct relationships with biological markers has remained unclear (Ryff et al., 2006) . Many studies on inflammation and wellbeing have not taken account of mental illness (Ong et al., 2018; Stellar et al., 2015; Uchino et al., 2018) . Several others have found results attenuated when adjusting for depression (Brouwers et al., 2013; Ironson et al., 2018; Ryff et al., 2004) , which could suggest that wellbeing is only related to inflammation via associated changes in mental illhealth. Indeed, some genetic studies have supported this hypothesis, by suggesting that the same genetic variants are associated with the propensity to feel positive about life as the propensity to feel depressed (Okbay et al., 2016) . Similarly, epigenetic studies have shown that depression and hedonic wellbeing (life satisfaction and happiness) are associated with methylation of the same promotors such as intercellular adhesion molecule 1 (ICAM-1) and Tissue Factor (F3) in leukocytes (Kim et al., 2016) , both of which are involved in inflammatory processes. However, it has also been argued that wellbeing is independently associated with inflammation. A few studies have found associations between wellbeing and inflammation persist even when accounting for depression (Hamer and Chida, 2011; Steptoe et al., 2012 Steptoe et al., , 2008 Steptoe and Fancourt, 2019) . This may be partly due to specific pathways to inflammation for certain aspects of wellbeing (for example, positive affect has been explored in relation to buffering against psychological stress (Blevins et al., 2017) ). It may also be partly due to genetic evidence contrasting that presented above, which suggests that depression and wellbeing have only some shared genetic influences and are also influenced in part by independent genetic factors (Bartels et al., 2010; Kendler et al., 2011; Plomin et al., 1992) . However, the studies that have been carried out on wellbeing and inflammation adjusting for depression have, to date, been confined to cross-sectional samples.
Finally, although studies have considered multiple different aspects of wellbeing, very few have directly compared associations between inflammation and different aspects of wellbeing such as hedonic wellbeing (which focuses on experienced aspects of wellbeing such as pleasure and evaluative aspects of wellbeing such as life satisfaction) vs eudemonic wellbeing (which focuses on meaning, self-realisation and flourishing in life).
These components are related, with estimates of the magnitude of overlap between hedonia and eudemonia suggesting around half to three-quarters of the variance is common (Kashdan et al., 2008 ). Yet it is important to consider the differential association of each with inflammation given there are different theoretical backgrounds to both constructs and given research suggesting they may involve different biological pathways.
For example, neurobiological work has shown that while both hedonic and eudemonic wellbeing are associated with greater left than right superior frontal EEG activity, eudemonic wellbeing explains variance beyond that accounted for by positive affect (Urry et al., 2004) . This higher left-sided activation has been linked to immune response, such as in studies that have shown an association with higher antibody response to influenza vaccination challenge (Rosenkranz et al., 2003) . At a genetic level, wellbeing has been proposed to be genetically and environmentally multidimensional, with different factors indicating hedonic and eudemonic components (Franz et al., 2012) . So it is possible that different aspects of wellbeing may have differential associations with inflammation.
Therefore, this study explored the longitudinal association between changes in different aspects of hedonic and eudemonic wellbeing and changes in inflammatory markers in a large sample over 8,780 adults over an 8-year follow-up period. Further, given previous research has found sex differences in the association between wellbeing and inflammation (Steptoe et al., 2012) , we considered whether there could be moderating role of sex.
METHODS

Participants
Participants were drawn from the English Longitudinal Study of Ageing (ELSA): a nationally representative panel study of adults aged 50 and above living in England (Steptoe et al., 2013) . Participants were originally recruited from households selected via multi-stage stratified probability sampling to participate in the Health Survey for England (HSE) in 1998 (HSE) in -2001 . Biennial data collection since has included blood samples taken during nurse visits in waves 2 (2004/05), 4 (2008/09) and 6 (2012/13).
Consequently, this analysis involved 8,780 core participants who had provided data in wave 2 and followed them up across waves 4 and 6, with multiple imputation used to maintain the same sample size across any missing data on the following two blood collection waves (see 'Analysis'). The data are available through the UK Data Service and ethical approval for ELSA was provided by the National Research Ethics Service. All research was performed in accordance with research and data protection guidelines with all respondents providing informed consent.
Measures
Wellbeing. Hedonic wellbeing was measured separately for positive affect and life satisfaction. Positive affect was measured using the pleasure sub-component of CASP-15, a validated scales that considers positive emotions and experiences in life (Vanhoutte, 2012) . This includes items such as "I enjoy the things that I do" and "On balance I look back on my life with a sense of happiness." CASP-15 was selected above CASP-19 as recommended by a specific factor analysis of wellbeing measures included within the English Longitudinal Study of Aging (Vanhoutte, 2014) . Life satisfaction was measured using the Diener Satisfaction with Life Scale (SWLS) (Diener et al., 1985) , which measures idiosyncratic judgement of an individual's life. This includes items such as "In most ways my life is close to my ideal" and "I am satisfied with my life". Eudemonic wellbeing was measured separately for self-realisation and control-autonomy using the respective subscales of CASP-15. Self-realisation considers meaning, purpose and growth within life, and was assessed with items such as "I feel that life is full of opportunities" and "I feel full of energy these days". Control-autonomy considers the degree to which an individual can make their own decisions and lead the life they want to lead and was assessed with items such as "I feel that what happens to me is out of my control" and "I can do the things I want to do". For all four measures of wellbeing, scales were comprised of 5 items (each scored 0-4 for CASP-15 and 1-7 for SWLS), with higher scores indicating higher wellbeing.
Neuro-immune Biomarkers. Blood samples collected during ELSA nurse visits were analysed to give data on three neuro-immune markers: white blood cell count (WBC;
analysed as continuous counts per 10 9 /L), C-reactive protein (CRP; mg/L), and fibrinogen (g/L). CRP was measured using the N Latex CRP high-sensitivity mono immunoassay on the Behring Nephelometer II analyser. Fibrinogen was measured using a modification of the Clauss thrombin clotting method on the Organon Teknika MDA 180 analyser. All blood samples were analysed at the Royal Victoria Infirmary laboratory in Newcastle upon Tyne, UK (for a detailed description of blood analyses see Graig et al., 2004) . For CRP levels, we excluded data from participants with results of higher than 10 mg/L, since these may indicate the presence of an acute infection or serious acute illness, and results were logtransformed to ensure a normal distribution. Other biomarkers showed a normal distribution. WBC levels were reported at waves 4 (2008/09) and 6 (2012/13) only, therefore multiple imputation was additionally used to provide values at wave 2 (2004/05).
Sensitivity analyses testing the consistency of results when just using data from waves 4 and 6 found no material difference, so imputed results are presented here and results excluding wave 2 imputations are shown in supplementary material.
Confounders. Our statistical approach automatically took account of all timeconstant factors even if they were unobserved, including age, sex, ethnicity, education, socio-economic status, genetics, past history of mental illness, and past history of wellbeing. Additionally, our models adjusted for depression (using a score of 4+ on the Centre for Epidemiological Studies Depression scale CES-D, which has previously been validated against gold-standard psychiatric interviews with good sensitivity and specificity (Radloff, 1977) ), previous physician diagnosis of any other psychiatric condition (including anxiety, psychosis, major depression, mood swings or other emotional problems), current physician diagnosis of a long standing illnesses (including cancer, COPD, arthritis, stroke, diabetes and angina), whether participants currently smoked (yes vs no), whether participants were sedentary in their behaviours (classed as engaging in mild, moderate or vigorous sports or activities less than once a week), and body mass index (BMI).
Analysis
A total of 37% of data items were missing and assumed to be missing at random so were imputed in long format using multiple imputation by chained equations using the following predictor variables: demographic factors (age, sex, ethnicity), socio-economic factors (wealth, employment status, educational status, occupational status), health (alcohol consumption, smoking status, sedentary behaviours, chronic conditions, chronic pain, depression, other psychiatric condition), wellbeing (life satisfaction, pleasure, selfrealisation, control-autonomy), social factors (marital status , loneliness, isolation), and biomarkers (pulse, systolic blood pressure, diastolic blood pressure, waist circumference, BMI, waist-height ratio, triglycerides, HbA1c levels, cholesterol/HDL ratio, CRP, fibrinogen, WBC, IGF-1). We undertook a single set of imputations for all missing data together (including exposure and outcome variables according to recommendations (Moons et al., 2006; Sterne et al., 2009) ) and 40 imputations were conducted.
The relationship between within-person changes in wellbeing and within-person changes in biomarkers was measured using fixed-effects (FE) regression. FE regression has several strengths, including (i) it considers time-varying relationships between exposures, covariates and outcomes, which is especially helpful for factors that are likely to change over time; (ii) it considers within-person variation, with each individual acting as their own reference point over time. Therefore all time-invariant factors (e.g. sex, ethnicity, genetics, personality, educational attainment and socio-economic position) are accounted for even if unobserved (Allison, 2009 ), so do not need to be included in statistical models (and are shown in Table 1 purely for descriptive purposes). The basic model for the analysis can be expressed as follows:
where Bio it is a measure of individual i's levels of neuro-immune markers at time t, α i is unobserved time invariant confounding factors, W is an individual's levels of wellbeing at time t, and T is measured time-varying confounding factors. Data were strongly balanced.
A Hausman test was used to confirm the selection of a fixed effects over a random effects model. The modified Wald test for group-wise heteroscedasticity was significant, so sandwich estimators were applied. Coefficients for all years were not jointly equal to zero, so time-fixed effects were included in the model. Analyses were carried out using Stata 14 (StataCorp, College Station, TX).
Model 1 was adjusted only for time-constant factors, which were included automatically within the model. Model 2 additionally adjusted for depression and other psychiatric conditions. Model 3 additionally adjusted for chronic illness, smoking, sedentary behaviours, and BMI. Our first sensitivity analysis tested the consistency of findings when using a continuous scale of depressive symptoms rather than a binary score for depression. Our second sensitivity analysis tested whether our results for WBC count was just an artefact of our imputation of data for wave 2, so we re-ran analyses just focusing on waves 4 and 6. Our third sensitivity analysis excluded any participants who had had an acute infection in the three weeks preceding blood sampling. Finally, we explored if there was any moderation by sex, age or BMI by including interaction terms within the models and, where significant, stratifying and re-running analyses.
RESULTS
Sample
Our sample was aged 50 and above, 55% female, and 98% white British (Table 1) .
Amongst the sample, there was a large association between all aspects of wellbeing. (Table 2) . When additionally for mental ill health, the association was maintained with only an 8% decrease in the coefficient. The association was also maintained when adjusting for time-varying covariates. However, there was no association between changes in positive affect and changes in either CRP or fibrinogen in any of the models.
For life satisfaction, changes over time were negatively associated with changes in WBC when adjusted for time-constant factors only. When additionally for mental ill health, the association was maintained with only a 17% decrease in the coefficient. However, the association was explained by time-varying covariates. There was no association between changes in positive affect and changes in either CRP or fibrinogen in any of the models.
Eudemonic wellbeing & inflammation
For self-realisation, changes over time were negatively associated with changes in CRP, fibrinogen and WBC when adjusted for time-constant factors only (Table 2) . When additionally for mental ill health, the association was maintained with only an 11% decrease in the coefficient for CRP, 13% for fibrinogen and 3% for WBC. The association with all three biomarkers was also maintained when adjusting for time-varying covariates.
For control-autonomy, changes over time were negatively associated with changes in CRP, fibrinogen and WBC when adjusted for time-constant factors only. When additionally for mental ill health, the association was maintained with only a 22% decrease in the coefficient for CRP, 18% for fibrinogen and 14% for WBC. However, the association with all three biomarkers was explained when adjusting for time-varying covariates.
Sensitivity analyses
Results were unchanged when using depression as a continuous variable rather than a binary variable ( Supplementary Table 1 ). When excluding individuals who had experienced an acute infection in the three weeks prior to blood sampling, the associations for all aspects of wellbeing and all biomarkers were maintained when adjusting just for time-constant factors and when additionally adjusting for mental ill health, but there was some attenuation when additionally adjusting for covariates ( Supplementary Table 2 ). For WBC, when re-running analyses just using waves 4 and 6 (as results were entirely imputed for wave 2 due to this biomarker not being analysed), results were maintained, with the exception of some attenuation when additionally adjusting for covariates ( Supplementary Table 3 ).
There was evidence of moderation by sex, but stratified analyses showed that although there were slightly stronger results in men, they were still significantly present in women (Table 3) . Similarly, there was evidence of moderation by age and BMI. Although there were slightly stronger in those aged over 65 and those who were overweight or obese, there was still a clear association between self-realisation and WBC in those aged under 65 and those with a healthy BMI ( Supplementary Tables 4 & 5) . 0142 -0.0190,-0.0094 <.001 -0.0147 -0.0200,-0 .0095 <.001 -0.0648 -0.0835,-0.0461 <.001 Control-autonomy  -0.0097 -0.0145,-0.0049 <.001 -0.0121 -0.0179,-0 
DISCUSSION
This study found longitudinal associations between hedonic wellbeing and WBC, and eudemonic wellbeing and WBC, CRP and fibrinogen. Increases in hedonic wellbeing were associated with decreases in WBC, while increases in eudemonic wellbeing were associated with decreases in WBC, CRP and fibrinogen. Notably, these associations were all independent of mental ill health, but partly explained by considering health-related factors such as BMI, smoking and sedentary behaviours. This relationship was present across both men and women, but was stronger in men. This is at odds with a previous cross-sectional study that found stronger associations between wellbeing and CRP and fibrinogen for women than men (Steptoe et al., 2012) , but echoes previous research on depression and inflammation, which found stronger relationship between the two in men (Liukkonen et al., 2006; Penninx et al., 2003) . It was also present across both those aged 50-65 and those aged over 65. This echoes a previous small-scale study suggesting the relationship between wellbeing and inflammation is stronger in those who are older .
Our results build on previous cross-sectional research on wellbeing and inflammation by showing a longitudinal relationship between changes in wellbeing and
changes in depression. These findings echo some previous cross-sectional findings showing associations between eudemonic wellbeing and CRP, fibrinogen, and WBC (Steptoe et al., 2012; Steptoe and Fancourt, 2019) . However, it is notable that for hedonic wellbeing we only found associations with WBC. This goes against some previous work which showed cross-sectional associations between life satisfaction, CRP and fibrinogen, independent of depressive symptoms (Hamer and Chida, 2011) , but is supported by a previous small study that found that eudemonic but not hedonic wellbeing was associated with inflammation (sIL-6r) . In considering why we found associations between hedonic wellbeing and just WBC, CRP and fibrinogen differ from WBC in being acute-phase hepatic proteins. Whilst inflammatory responses are bi-directionally interlinked, for example through WBC leading to the release of inflammatory interleukins, which can trigger hepatic release of CRP and fibrinogen (Leng et al., 2005; Wong et al., 2007) , it is possible that, when analysing changes over long periods of time, there are more direct pathways between hedonic wellbeing and leukocytes than between hedonic wellbeing and acute-phase response. This finding also suggests that flourishing in life may have a broader association with inflammation than positive affect. But this remains to be explored further.
It is also of note that some of our results were explained by adjusting for healthrelated factors such as BMI, chronic conditions and smoking. In literature on depression and inflammation, it has been proposed that depressive symptoms may lead to increased likelihood of smoking, with tobacco and nicotine in turn linked with a range of inflammatory markers (Shiels et al., 2014) . In literature on BMI and inflammation, depressive symptoms have been found to promote weight accumulation (Miller et al., 2002) , which in turn activates inflammatory response through (i) increasing adipose tissue which can trigger an increase in IL-6 (Kern et al., 2001; Mohamed-Ali et al., 1997) , and (ii) through increasing leptin release into circulation (Miller et al., 2003) , which binds to receptors on WBC and upregulates IL-6. IL-6 can in turn stimulate hepatic release of CRP, thereby leading to wider inflammatory response (Gabay and Kushner, 1999; Yudkin et al., 2000) . In our results, it is notable that although the relationship was present in those of a healthy BMI and those who were overweight obese, it was stronger in those who were overweight or obese, suggesting that biological pathways relating to weight could be key to the relationship shown.
This study has a number of strengths. First, we used data from a large nationally representative sample with multiple measurements over an 8-year period. Second, we moved beyond cross-sectional associations by showing associations between changes in wellbeing and inflammation. Our use of fixed effects modelling meant that all possible time-constant confounders were automatically accounted for, even if unobserved, reducing the risk of a spurious association. Additionally, we explored whether associations between wellbeing and inflammation were explained by depression. Further, we used two different measures of both hedonic and eudemonic wellbeing. The consistency of the results between each pair of measures suggests that our findings are not merely an artefact of our specific measurement. Finally, our use of three different measures of inflammation helps to avoid the possibility of false negative findings, which has previously been discussed as a challenge in studies of inflammation (Pariante, 2019) .
However, this study also has several limitations. First, we only had access to longitudinal data on three inflammatory biomarkers within ELSA, and so although our findings have shown relative consistency indicating perhaps a general inflammatory response especially in relation to eudemonic wellbeing, whether wellbeing is independently associated with other markers of inflammation such as cytokine response remains unknown. Second, we only had two measures of hedonic wellbeing and two measures of eudemonic wellbeing. In particular for eudemonic wellbeing, theoretical literature suggests there are a wide range of different components that may have different associations with health (Kashdan et al., 2008) . Therefore, future studies could extend the findings here by focusing on other related positive psychological measures such as vitality, self-esteem and personal growth. Third, our analyses explored associations between changes in wellbeing and biological markers, but this study did not attempt to identify the direction of causality. Future research is needed to elucidate whether changes in wellbeing drive changes in inflammation or vice versa, or whether, as for depression, this relationship is bi-directional (Amodeo et al., 2017) . Fourth, we did not have data on whether participants were on anti-inflammatory or psychotropic medications. If an individual was on these consistently across the three waves, then the effects would have automatically been accounted for under the fixed effects model. However, if an individual started or stopped a new course of medication, then the effects of this on the findings remain unknown. Fifth, we used multiple imputation to account for missing data, in particular to impute missing WBC data in wave 2. Notably, our un-imputed results showed comparable findings. Nevertheless, the correct treatment of missing data in biological studies remains a challenge. Finally, this study focused exclusively on adults aged 50+.
However, our results suggested that there was moderation by age. Although the differences in results between those aged 50-65 and over 65 were very small, future studies could explore whether there are more marked differences when comparing with younger cohorts.
In conclusion, this study builds on the strong literature showing a relationship between mental ill health and inflammation by showing that there is also an apparently independent relationship between mental wellbeing and inflammation that is unexplained by socio-economic factors or other time-constant factors. Although this relationship is partly explained by health-related factors such as BMI and chronic conditions, for WBC in particular, the relationship appears to persist independent of this, and is particularly strong for eudemonic aspects of wellbeing. This study did not attempt to disentangle the direction of effect, but if the relationship between inflammation and wellbeing resembles that of inflammation and depression, we might hypothesise that this is bidirectional. Therefore, future studies could explore whether interventions to increase wellbeing can help causally to reduce levels of inflammation, and thereby reduce the risk of developing inflammatory conditions. -0.0144 -0.0199,-0.0088 <.001 -0.0624 -0.0827,-0 -0.0149,-0.0023 .008  -0.0122  -0.0197,-0.0046 .002  -0.0384 -0.0649,-0 
Supplementary Table 1: Fixed effects models showing associations between changes in wellbeing and changes in inflammation: using depression as a continuous rather than binary variable
